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Abstract
Once it  was widely thought to be an exceptional innovative welding solution, the
magnetic pulse welding, dragged the related manufacturing industries and particular‐
ly automobile companies for its complex assembly solutions in early 2000s. Although
this technique has been implemented by some giant manufacturers for various joining
tasks, the process still has not been well adopted by industries. However, in recent years,
many  researchers  turned  their  attention  to  the  potential  applications  and  insight
investigations of this process due to the existence of bottlenecks and the prime novelty
of this technique. This chapter clearly highlights the process, applications, require‐
ments,  interfacial  kinematics  of  the  welding,  numerical  predictions  of  interfacial
behaviours and multi-physics simulations. This chapter recommends that the overall
outlook of the process is promising while it requires extra attention in the individual
welding cases and its material combinations.
Keywords: magnetic pulse welding, interface, numerical modelling, weldability, plas‐
tic deformation
1. Introduction
Recently, multi metallic hybrid materials have been produced by joining dissimilar metals at
their solid state [1–5]. Those types of materials become attractive in modern engineering
applications as they can provide multiple attributes in a single solution [6–9]. The magnetic
pulse welding (MPW) is an innovative joining technology that has been mainly considered for
this purpose [10]. This technology involves a significantly high speed collision and high strain
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rate plastic deformation. In general, the workpiece experiences a strain rate of up to 102–104 s-1
[11] while this could reach an ultimate value of 106–107 s-1 at an interface [12]. The synergetic
effect  between electromagnetic phenomena with metal  plasticity contributes towards the
advantages of this process in comparison with conventional and other high speed welding
techniques. However, this process has not been widely implemented until now, even though
it is known since late 1960s [13, 14] and its booming advantages have been paid attention by
automotive manufacturers in early 2000s. That is, large scale implementation of this technol‐
ogy has always been challenged by the existence of unique complex realities of this process.
But,  fortunately,  recent  technological  advancements allow for thorough investigations to
understand the physical phenomena of this multi-physics process and facilitate an effective
utilization  of  the  technology  into  modern  engineering  applications.  Emerging  scientific
technology provides more room to explore such high speed manufacturing processes using
sophisticated engineering tools such as high speed measurements, experimental observa‐
tions, microscopic analyses and advance computing techniques.
MPW is believed to bring innovative solutions in joining technology and the merits of the
process are covered in this context. The objectives of this chapter are divided into five main
sections including position of the MPW today and its potentials, description of the process,
weld features and variance, identification of the weld nature by simulating the interface
behaviour during the collision, and computation of the in-flight dynamics using coupled multi-
physics numerical simulations.
2. Position of the MPW process today and its influences
Joining processes technically and financially offer strong potentials and represent a significant
global market. An overview of the added value brought by the joining activities is briefly
presented to address the growing interest in this engineering field. This part of the chapter
explains the technical-economic status of the welding technology including recent develop‐
ments in 2005–2007 about the added value with its increasing trend for the global market of
the welding. Current status of the technical evolution marks a major technological transition
with the emergence of the solid state welding method for the MPW. A brief review of the
technical solutions developed by MPW is addressed. It also provides various representations
of successful configurations, suitable combinations of materials and major advantages offered
by the MPW process.
2.1. Socio-economic influences of the joining and welding processes
A recent survey focused on the European zone provides data related to the technical and
financial consequences of the joining technology and the added value brought by the joining
manufacturing activities [15]. In the case of Germany, the data gives a representative indication
since this country is the leading manufacturer of joining machines which represent about one-
third of the EU’s production [15]. Available data inform that, for this country alone, the added
value generated by the assembly industry is increased more than 22 billion euros by 2000s
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without any significant decrease [15], which corresponds to a proportion of 26% increase at
European level. But contributions of other countries are also important; this includes Italy,
France, Poland and United Kingdom which have respectively provided 18%, 10%, 9%, and 8%
[15]. This assessment does not include either the worldwide data or the recent data, but
represents an indication of the socio-economic influence of the joining technology.
Welding activities generally cover a substantial part of the assembly industry. For reference
purposes, they returned a total market turnover of 19.3 billion euros for Germany in 2003,
providing 6% of the jobs linked to this industry, which represents 1.7% of increase in employ‐
ment opportunities including all sectors [16]. A comparative study carried out between 2001
and 2005 has shown an added value increased by 18% of job creation including 5% directly
linked to the welding activities [16]. Such expansion highlights the socio-economic benefits
brought by the welding technology. Furthermore, note that the welding represents a non-
negligible investment in several industrial branches including the most advanced sectors in
transportations, energy and medicine.
In the specific case of metal joining, welding methods bring some useful flexibilities. It does
not require intermediate joining component (bolt, rivet, adhesive layer, brazing material etc.)
allowing thereby possibilities to produce structures with the benefits of cost and weight
reduction. A weld can confer as a permanent joint which is suitable for many mechanical
performances. In addition, the welding methods can be applied at varied length scales, from
micrometric (micro welding) to several hundreds of millimetres. Furthermore, welding
practices include several techniques and processes, making them robust, widely used and
intrinsic to technological advances and innovations.
2.2. Innovative nature of the electromagnetic pulse technology (EMPT)
Conventional welding processes show difficulties in joining new metal combinations. The
current innovations increasingly introduce dissimilar assemblies that enable to meet new
challenges such as light weight requirement, structural reinforcement, and other functional
specifications. In this respect, innovative solutions have led to the consideration of complex
functional material combinations including metallic assemblies with different melting
temperatures, where the fusion welding processes fail when producing such joints at the
interface. The discrepancy between the melting points of two dissimilar metals prevents a
successful joint formation by solidification of a molten pool as usually achieved during a fusion
welding process. The exploration of new methods have led to various welding principles
among which high velocity impact welding (HVIW) methods enable bonding dissimilar
metallic combinations. High pressure, short duration and low temperature bonding form the
main particular characteristic of these methods [17]. The welding involves a strong interfacial
collision in various high velocity impact methods using the explosive detonation (explosive
welding), the laser shock impulse (laser spot welding), the magnetic impulse (MPW), or the
vaporizing foil actuation (vaporizing foil actuation welding).
The use of electromagnetic impulse to provide a significant Lorentz force makes the MPW as
an attractive method with respect to other high speed collision welding processes. The EMPT
is particularly different in terms of cost, reliability, ease of use, flexibility, rate of work, no
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requirement of being consumable and eco-efficiency [18]. This method simply uses a standard
electrical source intermittently and a magnetic coil. The welding test does not require either a
surface treatment or a long experimental preparation, and is performed in a very short period
of time, i.e. it only takes less than a few hundred microseconds to produce a joint. This is a
precise joining method that has been successfully applied on several similar and dissimilar
metallic combinations for different configurations such as overlap, half lap, cross lap, end lap
etc. This joining method is also suitable for various geometrical components including tubular
assembly, plates or any specific shape. It is possible to generate a complex distribution of a
magnetic pulse force due to the strong flexibility of electromagnetic welding tool design [19].
Current potentialities of the EMPT are depicted by Kapil et al. [18]. The authors addressed a
comprehensive review of successful applications, where some are being industrialized, and
the growing interest given to the process in several industrial sectors such as in automobile,
aerospace, nuclear, electrical and microelectromechanical systems (MEMS), ordinance and
packaging [18]. Although the pragmatic results are numerous, concisely its applications are
well suited to any tubular assembly, regular or irregular shapes, as well as to any flat shape
connections (Figure 1). EMPT is successfully implemented to perform various manufacturing
tasks using semi and fully automated lines by “PSTproducts GmbH” that also offers engi‐
neering and industrial solutions including a robotic arms to effectively handle the portability
of the unit in industrial welding cases (Figure 2) [20]. In addition, the process covers a broad
range of material combinations including Cu/Zr-based metallic glass [21], Al/metallic glass
[22], Cu/Manganin [23], flexible circuit boards [24], Cu/Brass, Cu/steel, Cu/Al, Al/steel, Al/Mg,
Al/Ni, Al/Fe, Al/Ti and Ti/Ni [25–27]. With all these aforementioned benefits, the EMPT is
continuously explored and progressively optimized to bring new potential advancements for
effective industrial implementation.
Figure 1. EMPT for industrial applications implemented by “PSTproducts” (a) Al/Cu electric bus bar [www.pstprod‐
ucts.com], (b) EMPT crimped gear box part [www.pstproducts.com] (c) EMPT welded Al pressure vessel for air condi‐
tioning system [28], (d) EMPT welded Al/steel crash box [www.pstproducts.com], (e) EMPT welded Al/Cu cooling
plate [www.pstproducts.com] (f) EMPT crimped Al/steel tube instrumental panel beam [28], (g) EMPT for hemming of
a Al pressure vessel [28], (h) EMPT crimped Al lid on a pharmaceutical glass bottle [29], (i) EMPT crimped drive shaft
[28] and (j) EMPT crimped air suspension [28].
Joining Technologies246
Figure 2. (a) Automated robotic arm used to implement EMPT during a Body in White (BIW) construction and (b) var‐
ious welded components produced using the robotic arm by “PSTproducts” [20].
3. Description of the MPW process
In general, the MPW process is a user-friendly joining method. The working principle of the
process is simple and the welding procedure is fast, easy, and viable. This section briefly
explains the general principle of the process including the architecture of the welding machine
and the welding parameters. Interactions between process and welding parameters are
provided including the specifications of their controllable and measurable natures. This gives
a holistic understanding of the process principle with different variables involved in the
selection of the welding parameters.
3.1. Magnetic pulse welding architecture
Figure 3 shows typical magnetic pulse welding architecture with overlap configuration used
to weld a core clad combination. The MPW is sufficiently flexible to weld various shapes of
components for different joint configurations such as half lap, overlap, cross lap and end lap
(Section 2.2). Basically, a MPW setup consists of a pulse generator, a coil and an optional field
shaper. The generator contains a transformer which transforms a low-voltage power supply
into a high voltage charge in the range of kilo-Volts stored in a capacitor bank. This generator
set, connected to an inductive coil through a control switch, delivers a high discharge current
in the range of a few hundred kilo-Ampere. The electric discharge flowing through the coil
generates a magnetic field which creates significantly large Lorentz force within the external
tube (the flyer) in the case of a tubular assembly. Thus, the flyer tube undergoes a high strain
rate plastic deformation and collides onto the fixed inner rod to produce a high velocity
collision. The discharge pulse frequency depends on the parameters of the electromagnetic
circuit (Equation 1) and which lies in between 10–200 kHz, but usual operational frequencies
are in between 10–20 kHz during the applications. The inductive multi turn coil can be used
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with a field shaper that concentrates the magnetic field in the working area while increasing
the magnetic field intensity. Moreover, one can also control the electromagnetic field and
consequent deformation of the material by utilizing various geometries of the field shaper for
the same coil [30]. The process can also be performed without the field shaper depending on
the required process parameters, or the coil itself can be manufactured which includes the field
shaper geometry, especially suitable for single turn coils. However, using a multi turn coil with
a single turn field shaper is the notable practice in the current manufacturing that reduces the
replacement cost in case of damage of either tool. Figure 3 shows a MPW configuration
including a coil with a separate field shaper and also indicates the direction of the
electromagnetic forces on the external tube where the compressive Lorentz force facilitates the
deformation of the flyer tube.
Figure 3. A typical architecture of the MPW and crimping of tubular assemblies used in overlap configuration.
The circuit frequency f can be determined by other parameters using Equation (1).
1 1
2f LCp= (1)
Where L is the circuit total inductance (H) and C the capacitance of the generator (F).
3.2. Description of the influencing parameters and working conditions
Basically, a MPW test consists of a simple procedure. The workpieces are placed inside the
working section for a tubular assembly. Diameters of both flyer and inner rod determine the
air gap, which lies in between the inner surface of the flyer and the outer surface of the rod.
The formation of the joint in the overlap configuration decides the weld length depending on
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the inserted lengths of both the rod and tube inside the working area in an assembly. The MPW
user prepares this installation where the initial air gap is one of the main geometrical parameter
affecting the collision condition, and thus the weld formation. A command console allows for
setting up the discharge voltage that is the main adjustable parameter controlling the welding
test. The discharge voltage value is indicated as it is or in terms of discharge energy (E) given
by Equation (2).
21
2E CU= (2)
Where E is the discharge energy (J), C the used total capacity of the bank capacitor (F) and U
the discharge voltage (V). Generally, the discharge voltage and the initial air gap provide a set
of controllable parameters denoted as (U, g). They are indicated for each corresponding
welding test. However, the discharge pulse frequency also becomes a crucial process param‐
eter since it decides the penetration of the magnetic field from the coil through the thickness
of the flyer. This creates an eddy current in the external region of the flyer that penetrates in
accordance with the skin depth defined by Eq. (3). The interaction of the eddy current with the
magnetic field from the coil produces the Lorentz force that accelerates the flyer till its onset
of collision with the inner rod. Hence, without the skin depth effect, the motion of the flyer is
impossible. Therefore, for an effective collision, the discharge pulse frequency should be
selected to generate a skin depth lower than the wall thickness of flyer. Eq. (3) also provides
an indication of the influence of skin depth on the discharge pulse frequency. More details of
the skin depth could be found elsewhere [31].
of
rd p m= (3)
Where δ, ρ, f and µo respectively denote the thickness of the zone affected by the skin depth
effect (m), the electrical resistivity of the flyer (Ωm), discharge current frequency (Hz) and
magnetic permeability in free space.
High frequency current is generally recommended for high resistive metals. One should also
carefully consider the discharge pulse frequency of a setup requirement for a generator that
also modifies the capacity of a welding machine. In addition, increase in discharge frequency
reduces the impulse duration that subsequently increases the strain rate of the flyer and the
consequent dynamic response of the material and collision conditions. Those interrelated
effects can make difficult in the selection of a suitable discharge frequency that is conducive
to provide expected results. Generally, the discharge voltage and the air gap are the most
adjustable parameters for a MPW test. The discharge pulse frequency value is indicated by an
experimental measurement using a Rogowski probe.
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4. Interface behaviour and weld variances
In a conventional welding process, a weld is basically defined by three distinct zones: the
solidified molten zone at the joint, the surrounding heat affected zone, and the base metals
whose properties remain the same. The weld is generally produced at large scale to ensure an
efficient joint at the interface during a conventional welding process. But, in MPW, since the
bonding principle is completely different, the notion of weld nature is particularly varied in
term of size and morphology. High velocity impact welds are typically confined at the interface
within a few micrometre thick zones. A permanent bond occurs immediately between the two
components but the behaviour of the interface represents different weld variances. Investiga‐
tions of welded specimens from Al6060-T6/Al6060-T6 joints have allowed identifying the
typical variances for a similar metal pair [32–35]. The major observations of such investigations
are reported in the following sections, which also cover the effect of joining dissimilar
combinations.
4.1. Onset of weld without apparent interfacial deformation
The interface experiences a progressive kinematic phenomenon that governs the generation
of various interfacial morphologies when subjected to the high speed collision. In MPW, the
weld natures are generally identifiable at the microscopic level, and the first case is an apparent
bonding showing a metal continuity across a straight bonded interface (Figure 4). This
corresponds to the onset of weld produced by a predominant high compressive stress which
is a hydrostatic stress since the grains adjacent to the interface remain undeformed (Figure 4).
The interfacial zone exhibits an equiaxed grain structure without any noticeable deformation
supporting the bond formation due to hydrostatic stresses. Generally, the contact pressure is
expected to be in the range of 1–20 GPa according to a simple assessment based on the
expression of collision pressure P =ρ1ρ2C1C2V i / (ρ1C1 + ρ2C2), where ρ1 and ρ2 are the material
densities, C1 and C2 are the speed of longitudinal waves in those materials and Vi is the impact
velocity. The welded joint can extensively be straight as long as the interface remains stable
during the complete collision (Figure 4b). The hydrostatic bonding is uniform along the
interface and the collision is essentially governed by a normal stress. However, due to the
oblique collision, the tangential component of the impact velocity can be high enough to cause
Figure 4. Typical interfacial features of an onset of bonding [32, 33]: (a) magnified view of a straight bonded interface,
(b) typical large bonded zone and (c) typical bonded interface with onset of interfacial shearing.
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a shearing action at the interface. Therefore, as a result of the confined shearing, the nearby
grains at the vicinity of the interface become flattened and elongated as shown in Figure 4c.
4.2. Interfacial deformation and wavy nature of the bonded interfaces
The interfacial shearing causes a series of kinematic instabilities that changes the morphology
of the interface whose behaviour is therefore similar to the Kelvin-Helmholtz instability that
occurs at fluidic interfaces subjected to an interfacial shearing. The straight interface becomes
wavy at the onset of instability. The development of wave at the interface is governed by two
main phenomena: interferences of compressive shock waves due to the dynamic collision and
a jetting phenomenon governed by an alternate inversion. As suggested by Ben-Artzy et al.,
the first phenomenon is a mechanism for the creation of periodic humps with regular shapes
[36]. The wave height and periodicity depend on the size of the structure, the compressive
stress intensity, and the interference of shock waves along the interface. Under these condi‐
tions, the initiation and development of hump can be considered as a consequence of defor‐
mation of the bonded and sheared interface by the reflection of mechanical waves. All the
humps regardless of their amplitude reveal shear strain along the interface that would be
regularly shaped the wavy interface (Figure 5).
Figure 5. Typical magnetic pulse welded interfaces with wavy morphologies showing grains shearing along the wavy
pattern [32, 33].
4.3. Jetting phenomenon and interfaces with irregular wavy shapes
The interfacial shearing can reach an instability threshold due to a high strain rate and severe
shearing. In the literature of impact welding, a notion of shear instability is used to demonstrate
this circumstance. The confined shearing remains at the interface, but becomes abruptly
excessive so that a jetting phenomenon occurs. A tangential jet forms ahead of the collision
point and the jet kinematics is controlled by the normal force component along the interface
that develops from both shock waves and impact velocity. The jet may evolve following a
series of upward and downward jetting to form a sequence of inverted curves along the
interface. In that way, the interface develops by jetting phenomenon which is interpreted as
both a weld indicator and a mechanism of interfacial humps formation. However, the kine‐
matics of the sheared interface is complex so that it is difficult to clearly state which mechanism
really forms the wavy interface: the interference of compressive shock waves or the jetting
phenomenon. These two factors can be concomitant or asynchronous or due to their conse‐
quences. Particularly, for regular shape humps, a simultaneous prominence may prevail as
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observed in Figure 6. The deformation of the interface creates a hump with nearly symmetric
shape (regular shape) while the grains adjacent to the bonded interface are strongly sheared
with an upward kinematics at the left front of the hump and a downward kinematics at the
right front (Figure 6a). If the jetting phenomenon becomes predominant, irregular shapes arise
from the progression of humps. A jetting aspect and its orientation can be clearly observed
that depend on the governing stresses. On the typical case evidenced in Figure 6b, a downward
jet occurs. This could initially be an upward jet that is inverted by an interference of shock
waves at the interface, or a pure downward jet guided by the local stress evolution, or kinematic
instability governed by an opposed shear alone similar to that of Kelvin-Helmholtz instability
occurs at fluidic interfaces subjected to a shearing. Hence, the mechanism of wavy interface
formation is to be fully explored despite the experimental identification of particular mor‐
phologies.
Figure 6. Wavy morphology with strong confined shearing, jetting, irregularly shaped interface and defect onset [32,
33]. (a) Wave formation with upward kinematics, (b) downward kinematics and (c) wavy interface with onset of de‐
fects.
4.4. Vortex development and formation of defective welds
Generally, the wavy shape is identified as a particular feature of a high speed welded joint and
it has also been suggested as a weld indicator. Nevertheless, distinction between regular and
irregular development of wavy interfaces could be useful. Formations of irregular humps due
to the predominance of the jetting phenomenon indicate a severe shearing that can promote a
confined heating. The plastic work can also be high enough to cause a strong thermomechan‐
ical softening, even a melting, and thus the strong shear stress would be unfavourable in the
weld formation. Potential matters from ejection also lead to the formation of cavities within
the welded interface. The interfacial observation in Figure 7 represents a typical onset of defects
appearing within the irregular wavy interface produced by the jetting phenomenon. Forma‐
tion of holes is evidenced at the jet tip and at the vicinity of the strongly sheared interfaces
(Figure 7). Moreover the defects are confined at the bonded joint. The defective weld can be
also caused by the kinematic progression of the interface. The jet flow may evolve towards
complex kinematics such as a swirling flow. Zones of jetting occurrence become potential sites
of vortex development similar to the Kelvin-Helmholtz instability in fluids. Experimentally,
it was evident that the jetting affected zone (JAZ) containing prominent voids with circular
morphology supports the suggestion of vortex development (Figure 7). These voids increase
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in size at the vortex affected zone (VAZ), and their enlargement depends on the local kine‐
matics and stress distribution. Note that the size of voids can reach up to several hundred µm,
in the same range of the height of the humps, i.e. approximately equal to the size of the weld
width. The mechanism of void formation could be due to an ejection molten fluid, a solidifi‐
cation shrinkage or a local fragmentation combined with particulates jetting governed by shear
stresses [32]. In any event, the welded interface becomes defective due to the formation of
discontinuous voids (Figure 7).
Figure 7. Typical magnetic pulse welds with defects at the VAZ [33, 34].
The MPW of similar metal pairs generally reveal the weld natures among those aforemen‐
tioned variances. This large depiction is useful to identify the weldability. It is clear that the
single case of wavy morphology is not sufficient to substantiate the weld formation as
commonly suggested. Although this weld indicator is valuable, the bonding is able to occur
independently of the interface shape thus the development of humps can evolve a defective
joint. In addition, the relevance of wavy morphology is discussed for dissimilar metal combi‐
nations. However, this situation is identified as no longer a reliable consideration of a bond
formation. Albeit the literature of impact welding includes several cases of regular or irregular
wavy shaped dissimilar joints, there exist some cases where the formation of humps is
conducive to brittle joints. This scenario was found when replacing the previous Al6060-T6/
Al6060-T6 pair by a dissimilar Al6060-T6/Cu combination, the copper being the inner rod in
order to ensure the same in-flight behaviour for the flyer prior to the collision. Further
investigations for in-flight behaviour of similar and dissimilar cases are also explored using
multi-physics simulations in Section 6.
4.5. Weld with an interfacial mixing or intermetallic compounds
In term of material dissimilarity, the copper is softer, having a higher melting temperature and
dissipating the interfacial heating more quickly than those of the aluminium alloy. The
combination of these properties produces a different response at the Al/Cu interface during
the collision. In contrast to the previous case (Al/Al), the major noticeable changes are
associated with the interface nature and particularly prominent with the vortex development.
When the vortex instability develops, the copper forms a solid spiral due to its higher malle‐
ability and higher melting temperature than those of the flyer part. The VAZ consists of a roll-
up so that the copper and the aluminium are locally intermixed (Figure 8a). The kinematics of
the vortex contributes to the interface bonding by an interlocking mechanism governed by the
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intermixing phenomena. Note that the vortex instability evolves at high strain rate and
excessive deformation so that the plastic work heating enables to melt the aluminium during
the swirling phenomenon. The molten phase is quickly solidified due to confinement of the
heating and the rapid heat dissipation is facilitated by the good thermal conductivity of both
copper and aluminium. These two factors promote a high cooling rate in the range of 104-6
K/s that prevents the atomic structural changes such as crystallisation during slow thermal
kinetic. The hyperquenching freezes the random allocation of atoms within the initial molten
phase and produces an intermetallic phase which was proven to be amorphous [37]. Hence,
the dissimilar Al/Cu combination is conducive to intermetallic formation, within the VAZ and
along the interface that alters the physical nature of the weld. The intermetallic phases may
appear within discontinuous pockets (Figure 8b) or as a continuous layer with a non-uniform
thickness (Figure 8c). In any case, the presence of the intermediate intermetallic media
introduces a new weld variance that is particularly suggested for dissimilar metal joints
produced in MPW.
Figure 8. Typical dissimilar magnetic pulse welds with (a) vortex development, (b) intermetallic pockets and (c) con‐
tinuous intermetallic layer at the interface [33].
4.6. Fracture within intermetallic phases and detrimental welds
The formation of a permanent bonding becomes difficult with the accumulation of intermedi‐
ate intermetallic compounds (IMCs). The fast shrinkage during the solidification stage
involves cold cracking phenomenon governed by the heterogeneous heat conduction com‐
bined with the incompatibilities of the thermal expansion coefficient. For the case of thin IMC
layer, light microscope observations at low magnification reveal transverse cracks across the
thickness without further propagations outside the intermetallic zone (Figure 9a). These
microcracks randomly coalesce and formarbitrary multidirectional crack propagation. The
intermetallic media facilitates the cracks to fragment which lead to a catastrophic failure of the
joint (Figure 9b). It was evidenced that the thickening of the intermetallic phase is favourable
to form numerous cracks so that its occurrence can strongly impair the weld integrity.
Eventually, the interface can completely break due to a propagation of a macro crack within
the intermetallic zone along the interface. According to experimental analyses, this major
fracture is attributable to the development of predominant shrinkage stresses during the
intermetallic solidification or to a detrimental shearing stress arises from the liquid or solid
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ejection of intermetallic phases from the interface [33–35]. Finally, the interface debonding
could be also resulted from a separation of molten IMCs from the aluminium solid wall while
opening stresses could act during the confined melting. Such hypothesis was supported by
experimental observations revealing typical features of a liquid that freely spreads prior to the
solidification [33–35]. Indeed, the top surface of an identified intermetallic region exhibits a
smooth appearance without fracture pattern due to debonding, and the heterogeneous nature
of this surface evidences a free fluid flow [33]. These entire phenomena associated with
intermetallic formation adversely affect the welding efficiency of dissimilar metal combina‐
tions. The sole alternative is to minimize the thickness of inter metallic layer using an identified
lowest critical impact energy. Hence, from similar to dissimilar metal combination, the notion
of bonding and weldability is phenomenologically different so that their identification should
be accurately established. The next section is numerical simulation to reproduce the interfacial
morphologies, which could be used to identify the potential weld variances including the
weldability window for similar and dissimilar assemblies.
Figure 9. Typical defective dissimilar magnetic pulse welds with (a) onset of cracks within the intermetallic phases, (b)
fragmentation, and (c) catastrophic failure [33].
5. Numerical simulation of the interface behaviour
This section begins with a literature survey regarding the numerical simulation of the interface
behaviour during impact welding, prior to the suggestion of a suitable method, namely
Eulerian simulation to compute the collision and weld generation. This method is applied for
both similar and dissimilar metal combinations (Al/Al and Al/Cu) to show the convincing
predictions of typical interfacial features including the wavy morphology and formation of
defects.
5.1. A brief literature review of impact welding simulations
The numerical simulations of the weld generation during impact welding processes can be
classified into five distinct methods known as Lagrangian, Adaptive Lagrangian-Eulerian
(ALE), Eulerian, smooth particle hydrodynamic (SPH) and molecular dynamics (MD).
Generally, Lagrangian computation fails during the development of excessive interfacial
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shearing. Due to the large strain produced by the kinematic instability of the interface, the
mesh experiences strong flattening and distortion that eventually aborted the computation
[38–48]. A wavy interface is difficult to perform even the onset of jet kinematics can be detected
using this method. Alternatively, ALE method is suggested to improve the mesh quality by
utilizing a node relocation algorithm during the computation [39–41, 46, 49], but its real
capability to produce persuasive wavy patterns has to be demonstrated. ALE method also
suffers from the bad mesh quality due to the interfacial shearing and jetting. To overcome mesh
issues, particle based methods were investigated among which the MD computations allow
for the accurate simulation of complex interfacial morphologies but they meet a scale limitation
[50–52]. MD method is rather appropriate for small scale, in the range of 10–100 nm unlike the
SPH method that enables the computation of the interfacial jetting and wavy morphology at
a large scale [42, 43, 53, 54]. However, the accuracy of the SPH method is discussed regarding
the consideration of the dissipative terms [55]. The method becomes unsuitable if such physical
phenomenon prevails.
At present, Eulerian computation offers a possibility to reproduce the kinematics of the
interface during the collision. Generally, Eulerian method is used in computational fluid
dynamics but can be applied to a solid to simulate a material flow, with acceptable results
using a Johnson-Cook constitutive model for describing the material [44, 45, 56, 57]. In the
literature, some simulations of weakly shaped interfaces were presented [42, 43, 50–53]. The
method merits to be further explored to compute the full development of the wavy morphol‐
ogy as well as the defects’ formation. Sections 5.2–5.4 include a description of the Eulerian
procedure and convincing simulation results encouraging the enactment of such method in
MPW.
5.2. Eulerian method
Eulerian method is mainly used in computational fluid dynamics that solves the conservation
equation of mass, momentum and energy. The history of state variables is computed at any
point (M) of a domain. The method uses a fixed computational grid and the time dependant
variation of these variables on each grid describes the fluid flow. This is called pure Eulerian
computation applied to Newtonian and non-Newtonian fluids. The major difference between
fluids and solids relies on the description and treatment of mechanical behaviour. For the
peculiar case of solid dynamic, the high strain rate dependency of the stress governs the
mechanical behaviour and a constitutive law, the Johnson-Cook law, is generally used. For a
suitable numerical treatment of this law, a split method is suggested to solve the governing
equations of Eulerian method whose differential forms are expressed as follows:
( ). ( )u grad div ut
y y y¶ + = -¶
ur uuuuuuuuur r (4)
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( ). 1 1( ) vu grad u divu Ft y ys¶ + = +¶
r uuuuuuuruur r uur (5)
. ( ) :e u grad e Dt s
¶ + =¶
ruuuuuuuuur (6)
where,  respectively denotes density, velocity vector, Cauchy stress, internal
body force vector, strain rate tensor and specific internal energy which is assumed to be an
enthalpy to compute the heating due to the plastic work .
The split strategy consists of an operation that decomposes each conservation equations into
two parts in order to separately compute advection variables. In a one dimensional form, the
generic conservation equation is given by (Equation 7) and the splitting gives the pair of
equations (Equations 8 and 9).
xu Ft x
¶Æ ¶Æ+ =¶ ¶ (7)
Ft
¶Æ =¶ (8)
0xut x
¶Æ ¶Æ+ =¶ ¶ (9)
Equation (8) represents the usual dynamic equation of solid which is solved by the usual
Lagrangian method, i.e. the mechanical computation of spatio-temporal motion given by the
mesh deformation depending on the material behaviour. This is called the Lagrangian step.
Afterwards, the converged state variables given by the Lagrangian step are advected using
Equation (9) on spatial fixed mesh. This is called the Eulerian step during which the advection
computes the material flow. The material interface is calculated by the volume of fluid (VOF)
front tracking method. The sequential Lagrangian/Eulerian computation eliminates the
problems of mesh distortion and flattening, thus enables to reproduce the complex kinematics
of the interface during the collision progression.
5.3. Virtual testing of the wavy interface generation
Virtual tests are performed under the same conditions as for the experimental results provided
in Section 4. Figure 10 shows the results obtained from a 2D simulation. First computation
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considers a similar Al/Al combination with a flyer thickness of 1.5 mm and an air gap of 2 mm.
A Johnson-Cook law is used to describe the material behaviour with the assumptions of
isotropic hardening, a von Mises yield surface and a geometric non-linearity.
The Eulerian finite element computation can provide accurate predictions with respect to the
weld generation and the singular feature found in impact welding including the development
of interfacial wavy morphology during the collision progression. In Figure 10, the collision
propagates from the right to the left. The bonding begins with a straight interface as previously
described in the Section 4.1. Although, this situation can be computed successfully by a usual
Lagrangian method based on a mesh deformation, it fails to produce the wavy interface. In
contrast, Eulerian computation enables the simulation of the weak or big waves’ formation
along the interface as clearly shown in Figure 10. The complex kinematics of jetting is repro‐
duced with a fine description of the material interface. Figure 11 shows three types of typical
jetting stages ahead of collision points. Developments of successive inverted jets [downward
(Figure 11a) and upward (Figure 11b, c)] are evidenced. The material flow governed by this
jetting phenomenon forms the progressive wavy morphology. Ejection of particles is also
evidenced in the simulation. In the numerical point of view, this result arises from the
advection procedure that calculates the temporal evolution of each state variable over the
computational grid. Material flows occur where they are expected to appear. Note that the
ejection is a physically realistic phenomenon in MPW. It was evidenced that solid fragments
or aggregates are ejected from the interface during the collision [32, 33].
Figure 10. Eulerian simulation showing the development of wavy pattern at the welded interface.
Figure 11. Eulerian simulation of jetting kinematics during the collision propagation with downward jet in (a) and up‐
ward jets in (b) and (c).
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5.4. Computation of the thermomechanical phenomena
The plastic work due to the interfacial shearing plays a significant role in the interfacial
behaviour. It produces localised heating phenomenon at the vicinity of the excessive sheared
zone where a temperature change arises. With the accurate computation of the interfacial
deformation, Eulerian simulation captures the interfacial heating while providing accurate
predictions in terms of heating location and shape of the heat affected zone (HAZ). Figure
12 presents a comparison between a computed HAZ and experimental observations. The
simulation results exhibit particular HAZ where the highest temperature indicates a potential
site of defect’s formation. This zone undergoes a thermomechanical softening which is
conducive to a development of failure when detrimental conditions (critical strain, stress,
damage parameters etc.) occur. Experimentally, along the wavy pattern, formation of voids is
observed within the numerically predicted extremely heated sites. Experimental observation
of the voids’ shapes also concur the shapes of the high temperature distribution during the
numerical simulations for the Al/Al joint (Figure 12a,b). In the case of Al/Cu combination,
Eulerian simulation also reproduces an interfacial heating that corroborates the corresponding
experimental observations (Figure 12c–e). The computed heating clearly indicates the devel‐
opment of a confined heated layer for Al/Cu joint. The temperature distribution of the layer
reveals a convincing shape and size that leads the possibility to predict the formation of
intermediate intermetallic phases at the interface. Furthermore, the ejection of significant
quantity of material due to the strong interfacial shearing combined with the relatively softer
material of the copper than that of aluminium (Figure 12c–e) causes a potential detrimental
phenomenon that can explain the large experimental cracks (Figure 12d). These overall
predictions demonstrate the capability of Eulerian simulation to investigate the weldability
conditions for MPW by a direct computation of the interfacial behaviour during the collision.
Such approach will significantly facilitate the accurate depiction of welding conditions and
contribute thereby to the process proficiency.
Figure 12. Typical simulation results of the weld natures for (a) similar and (e) dissimilar materials, predicting wavy
interface and localised thermal effects. Experimental observations of wave formation in (b) and detrimental phenom‐
ena in b–d.
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6. Multi-physics computation of the flyer in-flight behaviour
In impact welding, the in-flight behaviour of the flyer determines the collision conditions.
Generally, the flyer velocity prior to the impact governs the interfacial phenomena. This is the
characteristic parameter that should be known depending on the process and adjustable
parameters. Experimental measurements using laser velocimetry methods provide an accurate
assessment of the flyer velocity but numerical computation offers a better description of the
flyer velocity in terms of spatial and temporal distribution. This section presents a multi-
physics computation of the MPW process behaviour. It covers the electromagnetic discharge
through the coil and the coupled electromagnetic-mechanical computation of the flyer
behaviour. A 3D model is described, including the physical interactions of the process, the
governing equations, the resolution procedure, and both boundary and initial conditions. It is
employed to show the capability of the model to compute the process behaviour and partic‐
ularly, the flyer kinematics and macroscopic deformation. Illustrations of spatially distributed
impact velocity simulation are presented.
6.1. Governing physics and multi-physics interaction during MPW
Figure 13 describes the multi-physics phenomena involved in the MPW process. The in-flight
behaviour of the flyer is mainly governed by the electromagnetic induction and the mechanical
response of the material via the Lorentz force while the structural deformation modifies the
distribution of magnetic field which in turn affects the electromagnetic interaction between
the coil and flyer. This process produces the macroscopic deformation of the structure. Note
that the skin depth effect and associated current confinement causes a Joule effect which heats
the external part of flyer where the Lorentz force occurs. Generally, the eddy current intensity
is high enough, up to several hundred of kA, to generate a strong heating that diffuses within
the flyer. A conductive material is expected to involve a good heat transfer and vice versa for
a material with low thermal conductivity. Metals such as steel suffer from strong heating due
to this phenomenon whereas aluminium or copper seems to limit such heating effect. The
consequence of which will make the variance in electromagnetic properties with the temper‐
ature that can change the Lorentz force. Therefore, a full physical description of the phenom‐
enon governing the flyer in-flight behaviour should include this electromagnetic-thermal-
mechanical interaction. However, under suitable conditions, an electromagnetic-mechanical
coupling provides an accurate computation of the flyer kinematics.
The interfacial collision rather involves microscopic phenomenon that can be separately
treated using the flyer kinematics given by the electromagnetic-mechanical macroscopic
computation. The time-dependent flyer velocity distribution becomes the initial condition for
the computation of the impact as previously described in section (Section 5.3). The structural
changes involved by both interfacial dynamics and thermal kinetics imply the consideration
of specific metallurgical phenomena that decide properties of the joint. However, the multi-
physics simulation of the interface can be limited to the mechanical and thermal aspects to
reproduce the morphological features of the interface. In the interface simulations (Section 5.3),
the mechanical computation describes the interfacial kinematics with the plastic work heating
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while the heat transfer take into account of the mechanical property changes due to the thermal
effect.
Figure 13. Synoptic depiction of the multi-physics interactions involved in MPW process.
Moreover, solution time steps are important input parameters that govern the convergence of
a simulation. In an electromagnetic-mechanical coupling, that requires for both electromag‐
netic and mechanical time steps during a simulation. In general the electromagnetic time step
ΔT ≤ p2/2D, where p and D are characteristic mesh size and characteristic diffusion time. The
characteristic diffusion time D is determined by, D = 1/µσ. The mechanical time step (Δt) is
always smaller than the electromagnetic time step, Δt ≪ ΔT.
6.2. 3D coupled electromagnetic-mechanical model
The electromagnetic problem is governed by the Maxwell equations (Eqs. 10–13) and the
electrical and magnetic constitutive relations (Equations 14 and 15). The calculation of
magnetic field and eddy current can be performed using these equations.
E t
B¶Ñ´ ¶= -
rr r uur (10)
EH j te
¶Ñ´ = + ¶
rrr r (11)
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B 0Ñ × =r r (12)
ρE εÑ × =
r r (13)
sJ E Js= +
rr uur (14)
B µH=r r (15)
In these equations σ, µ and ε respectively represent electrical conductivity, magnetic perme‐
ability and electrical permittivity. E→ , B→ , H→, ρ, j→  and Js→  denote the electric field, magnetic flux
density, magnetic field intensity, total charge density, total current density, and source current
density respectively. In magnetic pulse forming and welding processes, there involves no
charge accumulation and eddy current approximation follow a divergence free current
density, those implies ρ = 0 and ε ∂ E
→
∂ t =0.
Due to the divergence condition of Eq. (10) and Eq. (12), they should satisfy the following
correlations written in Eq. (16) and Eq. (17) respectively.
AE t
¶= -ÑF - ¶
rr r (16)
B A= Ñ´ rr r (17)
where Φ and A→  are respectively the electric scalar potential the magnetic vector potential. Since
the mathematical degree of freedom satisfy the magnetic vector potential A→ , a gauge equation
is applicable. Using the aforementioned co-relations with the generalized Coulomb gauge
condition, ∇(σA→)=0, one could separate the vector and scalar potentials as shown in Equation
(18) and Equation (19) respectively.
( )σ Φ 0Ñ Ñ =r (18)
s
A 1σ A σ Φ jtμ
æ ö¶ + Ñ´ Ñ´ + Ñ =ç ÷¶ è ø
r r uvr r r (19)
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Therefore, by solving these Equations 18–19, the two unknowns A→  and Φ in an electromagnetic
system can be solved. Finally, based on these solutions procedure and magnetic pressure
calculations, Lorentz force is estimated.
In this study, the electromagnetic coupled numerical simulations were carried out using LS-
DYNA® package with the solver version R8. The resolution scheme in the electromagnetic-
mechanical solver uses both finite element method(FEM) and boundary element method
(BEM) [58]. BEM is used toe valuate the surface current and electromagnetic field thus the
magnetic field in the air is not required in LS-DYNA® simulations. FEM is used during the
computation of eddy current and Lorentz force in the workpieces. At each electromagnetic
time step, the electromagnetic and mechanical computations are coupled.
A typical situation of one turn coil with a separate field shaper model is considered as an
illustrative 3D simulation case (Figure 14). The model consists of solid8 node elements for both
workpieces and tools to handle the electromagnetic algorithm in LS-DYNA. The largest
element size was selected based on the skin depth and ensured that the element size is sufficient
to accurately capture the electromagnetic skin effect (Eq. 3).
Figure 14. 3D geometrical model.
Material model was described using a simplified Johnson-Cook model (Eq. 20) in the numerical
simulations to capture the high strain rate deformation behaviour of the work pieces.
( )
0
1nA B Cln ees e
é ùæ ö= + +ê úç ÷ê úè øë û
&
& (20)
where, σ¯ and σ¯ are the von Mises equivalent stress and strain respectively, ε˙¯ is the strain rate.
Here ε˙¯0 is the quasi-static threshold strain rate, treated as equal to 1/s. A, B, C and n are
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constants, obtained from literatures, are listed in Table 1. Other mechanical, electromagnetic
and thermal quantities used in the model are listed in Table 2.
Johnson-Cook parameters A (MPa) B (MPa) C n
Aluminium alloy 352 440 0.0083 0.42
Commercially pure copper 90 292 0.025 0.31
Table 1. Johnson-Cook parameters used to prescribe the constitutive behavior of workpieces.
Material Part Density
(kg/m3)
Young’s
modulus(GPa)
Poisson’s
ratio
Electrical
conductivity (S/m)
Aluminium alloy 2024 Tubeand
Rod
2700 73 0.33 1.74 × 107
Commercially pure copper Rod 8900 124 0.34 3.48 × 107
Copper alloy Field shaper  7900 210 0.29 2.66 × 107
Steel Coil --------------------Rigid------------------- 4.06 × 106
Table 2. Physical properties of the materials and theirs corresponding parts.
6.3. Boundary and initial conditions and other specifications
This section addresses a general procedure for the specification of boundary and initial
conditions for an electromagnetic-mechanical model. In the current example, the bottom side
of the tube and the top side of the rod are fixed during the simulation. Coil was considered as
rigid and fixed during the simulations. The field shaper geometry was placed inside the coil
and left free without any boundary conditions to well represent the experimental condition.
Automatic surface to surface contact was prescribed between the rod and the tube to capture
the contact behaviour during the collision. Electrical conductivity (σ) is defined by electro‐
magnetic card and the relative magnetic permeability (µr) was considered as one for all the
materials, which indicates that the ferromagnetic effects of materials are neglected during the
simulation, whose µr values are generally greater than one. The electric and magnetic fields
are not only depending on the geometry, assembly configurations and input parameters but
also they depend on the input and output surface of the current definitions in a coupled
simulation. Therefore, in order to accurately represent the experimental conditions, the exact
same connecter point areas are used in the numerical simulations.
In general, an electromagnetic simulation requires to be defined with at least one electrical
circuit. In order to define an electrical circuit, a voltage or current curve is applied across the
input and output surfaces. Alternatively, the circuit could be specified with R, L, C (resistance,
load, and capacitance respectively) parameters of the exterior parts in a circuit without
including these parameters of the coil and other components used in a particular simulation.
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The specification of the test case and the input current used in the numerical simulations are
shown in Figure 15.
Figure 15. (a) Schematic illustration showing the main working area of the model (field shaper and workpieces) except
the coiland (b) the source current used in the model.
6.4. Simulation results of the in-flight behaviour of the flyer
In these numerical simulations, a similar Al/Al and Al/Cu combinations were investigated for
their in-flight behaviour in terms of impact velocity and the collision angle at the onset of
impact. The properties used in these simulations are corresponding to aluminium alloy 2024
and a commercially pure copper respectively for Al and Cu. The collision angles were
calculated estimated on the angle between the radial and longitudinal velocity components
(respectively Vr and Vz, see Figure 17 for detail) from the simulations. The impact velocity was
calculated inside of the tube along the longitudinal direction. Sudden change in the resultant
velocity was used to determine the onset of the impact and subsequent conditions. That is,
immediately at the onset of the impact, the resultant velocity of the tube rapidly reduces. Based
on the prediction of the corresponding onset time, resultant velocity and the angle of attack
[tan1 (Vz/Vr)] were calculated.
Impact velocity and impact angle against the longitudinal distance from the top edge of the
tube are provided in Figure 16. The highlighted regions in Figure 16a and b are able to come
in contact during the simulation, which is in agreement with the ~9 mm contact distance
observed in experimentally welded samples (Figure 16c) obtained under same assembly
configuration.
These results suggest that the high speed dynamics for the particular welding case as shown
in Figure 15. That is, for the particular configuration of the simulation (Figure 15a), the top
edge of the tube is located slightly above the horizontal mid-plane of the field shaper. This
condition causes the highest velocity and the first occurrence of impact slightly below the top
edge of the tube. The angle measurements were followed the sign convention given in Figure
17a. A closer look of the in-flight collision dynamics shown in Figure 17b illustrates the
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potential collision condition for the particular assembly configuration used in this numerical
study.
Figure 16. Impact angles along the longitudinal distance from the top edge of the tube for the simulation in (a) and
instantaneous resultant velocity at those corresponding points during the onset time in (b). The highlighted regions in
(a) and (b) well represent the onset of impact. (c) MPW of Al/Cu sample and (d) final shape of the workpieces from a
numerical simulation.
Figure 17. (a) Convention of the angle measurement and (b) a closer look of the in-flight dynamics of the flyer velocity
and the impact angle variation.
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Although these investigations show that the variance in impact angle and impact velocity, they
are not apparent for different inner rods, the influence is suggested as highly depended on the
current frequency. That is, one could neglect the difference of the inner rod when predicting
the in-flight behaviour at higher current frequencies than that of a critical frequency that can
be estimated by equating the first collision time with the full diffusion time of magnetic field
through thickness from the exterior to the inner surface of the flyer. In contrast, the difference
in the impact condition is not negligible for various inner rods at lower frequencies than that
of the critical one. At those lower frequencies, the impact can be influenced by the conductivity
of the inner rod [59].
Figure 18. Time dependent radial component of the (a) Lorentz force and (b) velocity obtained from various points on
the flyer.
The multi-physics coupled simulations particularly have the benefits of predicting the time
dependent the Lorentz body force (Figure 18a) and velocity (Figure 18b) during the process.
Those macroscopic data determines the collision conditions which in turn decides the weld
generation. They are crucial for the computation of the interface behaviour during the welding
and thus serve as required input condition. Generally, the velocity distribution is appropriate
for the interface behaviour simulation that can reproduce physically realistic results (Section
5.4).
7. Conclusions
The magnetic pulse welding is identified as a promising alternative to produce multi material
assemblies, while it provides the attractive benefits in terms of cost, reliability, ease of use,
flexibility, rate of work, no requirement of consumable and environmental friendliness. The
operational conditions were highlighted including the input voltage and initial gap between
the flyer and rod were identified as important assembly parameters for a particular overlap
configuration of the MPW process. Moreover, the MPW process is also highly influenced by
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the current frequency and the electromagnetic skin depth effect. After that interfacial natures
and weld variances were investigated for both similar and dissimilar material combinations,
where it was identified that the weld variances develop under onset of bonding, wavy interface
formation, irregular interfaces, jetting, occurrence of vortices, interfaces with defects and
intermetallic formation. The vortex formation is highly apparent in the dissimilar assembly
while this also forms the intermetallic phases at the interface as a clear distinct feature from
the similar metal assembly. After that, numerical simulations were utilised to capture the
interfacial features, this could serve as a potential method to identify the influencing param‐
eters during the weld formation. These simulations well capture the interfacial features
including jetting and ejection phenomena. Moreover these simulations reveal the interfacial
heating which closely resemble with the defects in terms of side occurrence and shape in those
assemblies that indicates these simulations could be utilised to predict the optimum welda‐
bility window for various combinations. Finally an investigation of coupled electromagnetic-
mechanical simulations provides insight understanding and in-flight kinematics of the flyer
that predicts the collision conditions during the MPW process. In summary, all these results
indicate the potential outlook and innovative nature of the process among other existing
welding technologies. The multi-physics nurture with high speed dynamics and associated
high strain deformation particularly makes the process more complex that requires extra
attention while manipulating the process. However, promising benefits and the evidence of
potentially permanent weld formation always pave the way and keep attracting the manu‐
facturing industries.
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